Abstract Stormwater quality simulation models are useful tools for the design and management of sewer systems. Modelling results are highly sensitive to experimental data used for calibration. This sensitivity is examined for three modelling approaches of various complexities (site mean concentration approach, event mean concentration approach and build-up, washoff and transport modelling approach) applied to a typical case study (design of a dry detention tank), accounting for the variability of calibration data and their effect on simulation results. Calibrated models with different calibration data sets were used to simulate 3 years of rainfall with different retention tank specific volumes. Annual pollutant load interception efficiencies were determined. Simulations results revealed i) that there is no advantage in using the EMC model compared to the SMC model and ii) that the BWT model resulted in higher design ratios than those given by the SMC/hydraulic approach. For both EMC and BWT models, using an increasing number n of events for calibration leads to narrower confidence intervals for the design ratios. It is crucial for design ratios to account for successive storm events in chronological order and to account for the maximum allowable flow to be transferred to the downstream WWTP.
Introduction
Stormwater quality modelling is a promising tool for the control of wet weather polluted discharges, the design of treatment facilities and the definition of management strategies of sewer systems. Stormwater quality simulation results contribute to decision making about actions to improve or upgrade sewer systems. Existing models developed during the last three decades are numerous and based on various modelling approaches ranging from very simple to more detailed and complex ones. Models are either data based or process based, or a combination of both. In France, according to an inquiry sent to public and private organisations dealing with urban drainage (Gromaire et al., 2002) , three stormwater quality modelling approaches are used by practitioners: i) the site mean concentration (SMC) approach assuming a constant concentration applied to all rainfall events; ii) the event mean concentration (EMC) approach assuming a constant concentration during each rainfall event which varies from one event to another one, and finally iii) the detailed build-up, washoff and transport modelling (BWT) approach aiming to reproduce pollutant pollutographs during any rainfall event.
To be used correctly, stormwater quality models need to be calibrated using experimental data. Research and experience showed that local data is most advantageous for calibration. Data from other locations or catchments can lead to biased models and hence biased modelling and simulation results. Stormwater quality process models, like any model, are a necessarily simplified description of the reality. Simplifications are due to misunderstandings and lack in knowledge about some of the governing processes of the modelled system and hence, stormwater quality models suffer from incompleteness.
The calibration of incomplete process based models and of data based models should be carried out using sufficiently large data sets covering as many conditions as possible of the modelled system to avoid; i) calibration fits also the model errors in the case of process based models and ii) the data based models are representative only of the data used for their calibration.
Stormwater quality is usually monitored by analysing water samples collected in sewer systems during rainfall events. Experimental data is expensive and difficult to collect in sewer systems, especially under wet weather conditions. Therefore, measured events available in practice for calibration are rather limited in number and do not cover the whole range of possible conditions. In this context, it is expected that different calibration data will result in different calibrated parameter sets and hence in different simulation results. The above mentioned inquiry revealed that 50% of the polled organisations use less than five events for calibration. The same level of practice is observed in other countries. For example, the USEPA Combined Sewer Overflow Control Manual states that "an adequate number of storm events (usually 5 to 10) should be monitored and used in calibration." However, calibration and validation are frequently carried out with only two to three storms each (USEPA, 1999) .
For practical use, once calibrated, the model is assumed to represent the reality by neglecting possible problems due to lack of representativity of the calibration data sets. It can be expected that, as for models in general, the uncertainty in simulation results related to calibration data, rarely addressed in the literature, can be dominant regarding uncertainties from other sources (for example, see Korving and Clemens (2005) in the case of calculated CSO volumes).
In this context, the objective of this study is double: i) to assess the advantage of taking into account stormwater quality in some typical operational case studies and analyse the difference between different modelling approaches and ii) to examine the effect of experimental data used in calibration on final simulation results.
Methods
The method used is based on the simulation of typical operational case studies applied to one catchment, using different types of modelling approaches and taking into account the availability of calibration data.
Le Marais catchment and available data
The study is carried out on "Le Marais" catchment (Figure 1) , one of the most extensively studied catchments in France (Gromaire, 1998; Ahyerre, 1999; Chebbo et al., 1999; Oms, 2003) . The catchment is a residential area in Paris, covering parts of the third and fourth districts and has a surface of 42 hectares with a coefficient of imperviousness of 95%. The shape of the catchment is approximately rectangular (800 £ 600 m) with a population density of 295 inhabitants per hectare, with many small shops and very little industrial activity. The sewer network is combined, ramified and entirely man-entry. There are three main trunks with a slope of less than 0.1% and some fifty elementary sewers with an average 0.8% slope. Precipitations were measured using two 0.2 mm tipping bucket rain gauges. The flow rate is calculated from simultaneous water level and velocity measurements at the outlet of the sewer system. Water quality is measured by laboratory analyses of samples collected with automatic samplers extending a loose suction tube into the sewage.
Calibration data. Forty pollutographs with their corresponding rainfall and flow measurements were selected to be used in this study for model calibration. The data correspond to the period from May 1996 to October 1997. The selection was based on the reliability of the data, mainly the good adequacy between the measured rainfall and runoff as data from one rain gauge was used.
Simulation data. More than 3 years of rainfall records are available, including 562 events observed between 16/05/1996 and 14/06/1999 (Table 1 ). The data used come from the rain gauge presenting the most complete data record.
A hydrodynamic model was built and calibrated using the software CANOE (Insa/ Sogreah, 1999). The system comprises 20 subcatchments and 41 pipe elements. Only the three main trunks are considered and described in the model.
Influence of calibration data
The influence of calibration data is taken into account by simulating virtual measurement campaigns with different numbers n of measured events sampled among the N available ones. For each size n ¼ 5, 10, 20 and 35, 1,000 subsets of events were re-sampled for SMC and EMC models, and 200 for the BWT model. Sampling of each subset was conducted without replacement: no event could be sampled more than once in the same subset. This sampling strategy preserves the variability of the N available measured events.
Selection of three stormwater quality models
The models used (Table 2) represent the three SMC, EMC and BWT approaches. The selection of the models was based on their availability for practitioners. The SMC model can be found in most commercial packages; the EMC model is one of three similar models available in CANOE; the BWT model is a classical process based modelling scheme including accumulation, washoff and transport submodels. Figure 1 Catchment and sewer system sketch (Gromaire, 1998) M. Mourad et al.
Selection of case studies
The above mentioned inquiry indicated that studies where stormwater quality is taken into account are mainly diagnostic studies of sewer systems and analyses of impacts on receiving waters. Self-monitoring legal requirements and design of storage and treatment facilities are second rank actions. Accordingly, a number of cases have been defined to be studied (Table 3 ). The selection was based on feasibility according to available data. In the limited frame of this paper, only the design of a dry retention tank will be presented. Other aspects are described in detail in Mourad (2005) .
The virtual system analysed in this paper is illustrated in Figure 2 . During rainfall events, the system is able to transfer up to three times the mean dry weather flow Qdwf (named Q 1 ) to the downstream WWTP. The exceeding discharge Q 2 is stored in the retention tank. If the tank is full before the end of the runoff, the exceeding discharge Q 4 is directly discharged into the receiving waters. The tank is emptied towards the WWTP (discharge Q 5 ) when the incoming flow (Q) decreases again below 3 Qdwf (according to field data, the tank is emptied 100 min after the end of the rainfall event in the case of Le Marais catchment). The emptying is carried out under dry weather conditions by keeping a maximum flow Q 1 equal to 3 Qdwf to the WWTP. The possible residual volume in the tank at the beginning of the next rainfall event is taken into account. Table 2 Stormwater quality models used in this study
In sewer erosion/deposition
a ADWP: antecedent dry weather period (day); I max5 : maximum intensity in 5 min time step (mm/h); Vr: total runoff volume; RD: rainfall depth (mm); K, a, b, c: parameters to be adjusted; Ma: accumulated pollutant load at time t (kg); ACCU: pollutant build-up rate (kg/day/ha); DISP: decay factor (day -1 ); Cimp: imperviousness coefficient; A: area of the catchment (ha); MR: residual load at the end of the antecedent event (kg); Me: washed load during the time step Dt; Q: surface runoff (m 3 /s); a 1 , a 2 , a 3 : parameters to be calibrated; C v *: dimensionless transport capacity; R: hydraulic radius (m); d 50 : representative particle size (m); s: specific gravity; W e : effective bed width (m); l c : composite friction factor; u: flow velocity (m/s); g: gravity (m/s 2 ); A, a, b, g, d, e, m, n, j, K: coefficients related to the dimensionless grain size D gr (CIRIA, 1996) For the case study presented hereafter, the design is based on the long term interception efficiency (IE) of wet weather transient suspended solids loads. The interception efficiency IE over a given period of time is given by:
where IL and TL are, respectively, the intercepted and the total loads over the given period of time; IL i and TL i are, respectively, the intercepted and the total loads of the ith event; Ne is the number of events over the given period of time. In the case of SMC models, volumes are multiplied by a fixed concentration: the problem becomes then purely hydraulic and equation six yields:
For each model and calibration data subset, continuous simulations of the 562 events were carried out for different tank specific volumes ranging from 0 to 250 m 3 /ha.
Model calibration
For the SMC model, no real calibration is needed. It is required to calculate the SMC value according to Equation (1). For the EMC model, the ordinary least square method was used to calibrate the regression model after linearisation using a logarithmic transformation. The calibration of the BWT model was made using a uniform random search and by minimising the objective function given in Equation (8):
where nc i is the number of measured concentrations in the ith pollutograph in the subset of events used in calibration; n is the number of events used for calibration; OF k is the objective function for the kth sampled calibration subset; Cm j and Cc j are respectively the jth measured and calculated concentrations of the considered pollutograph. Initial conditions in stormwater quality process based models are problematic. The residual load MR on the surface after the antecedent rainfall event was set as a calibration parameter. Field observation in Le Marais at inlets and at the outlet of the sewer system emphasised the key contribution of in-sewer deposits to wet weather pollutant loads. Hence, initial sewer sediments were included in the model. The available mass of in-sewer sediments at the beginning of each event was set according to the findings of Oms (2003) . It was found that an easily mobile organic layer of sediments accumulates very rapidly during low flow conditions upstream of the main trunks and that it is distributed as follows: 1580, 435 and 252 kg respectively in zones 1, 2 and 3 (Figure 1 ). This mass of in-sewer sediments is assumed to be available for erosion at the beginning of each rainfall event.
Results and discussion
The procedure described above gives, for each size n ¼ 5, 10, 20 and 35 and for each considered specific volume of the retention tank, a confidence interval for the interception efficiency. Figure 3 as an example shows the results of SMC and EMC models for Year 1 ("CI n events" means "design confidence interval obtained using n events for calibration").
As explained above, the results of the SMC model are independent of quality calibration data. It was found for year 1 that a tank specific volume of 150 m 3 /ha is able to intercept 100% of the annual volume and thus of the annual load. For years 2 and 3, larger specific volumes are required. It can also be observed that for annual interception efficiencies less than 95%, the SMC/hydraulic approach results lay within the limits of the confidence interval CI 35 and slightly outside for higher interception efficiencies. In consequence there is no significant advantage in using regression models instead of a simple hydraulic approach for the design of a retention tank in Le Marais catchment. The results of the BWT model were significantly different especially for specific volumes less than 50 m 3 /ha. A downward shift of the annual interception efficiency values was observed.
Narrower confidence intervals than those for the regression model were obtained for n ¼ 5 and 10. Table 4 shows design confidence intervals for a 90% annual interception efficiency for both the three individual years and all the 562 events. For the SMC/hydraulic approach, the specific volume varied between 15.7 and 21.1 m 3 /h from one year to another, suggesting that a relatively small retention tank is able to intercept 90% of the annual volume. For the EMC model, the annual variability of confidence intervals is more important. The confidence intervals width is approximately reduced by half with n increasing from 5 to 35. For the BWT model, the annual variability was less pronounced. Sensitivity to calibration data is revealed by a significant difference between n ¼ 10 and n ¼ 20. However, confidence intervals for the BWT model are less precise than those for the EMC model, mainly due to a lower number of sampled calibration datasets and calibration related problems (calibration algorithm performance, correlations between parameters, etc.). SMC/hydraulic model results are outside and beneath the confidence intervals for the BWT model. Hence, the BWT model resulted in significantly greater design ratios that can reach more than twice the values given by the SMC model.
The orders of magnitude found in this case study are significantly different from annual design ratios for retention tanks given by Bertrand-Krajewski and Chebbo (2003) , varying between 100 and 200 m 3 /ha. On the other hand, they are close to those given by the German technical recommendations ATV A-128 (ATV, 1992) varying between 20 and 50 m 3 / ha. However, a direct comparison is not relevant since hypotheses for simulations are different. In Bertrand-Krajewski and Chebbo (2003) , the maximum allowable flow towards the WWTP was neglected and the tank was supposed to be empty at the beginning of each rainfall event. In the ATV A-128 guidelines, the values are relative to annual COD loads.
Conclusion † Three modelling approaches (SMC: site mean concentration model, EMC: event mean concentration model and BWT: build-up, washoff and transport model) have been compared to design a dry retention tank at the outlet of Le Marais catchment in Paris, France. † Simulations results revealed that: i) there is no advantage in using the EMC model compared to the SMC model and ii) the BWT model resulted in higher design ratios than those given by the SMC/hydraulic approach. † For both EMC and BWT models, using an increasing number n of events for calibration leads to narrower confidence intervals for the design ratios. † Design ratios shall account for (i) successive storm events in chronological order and (ii) maximum allowable discharge to be transferred to the downstream WWTP. † Design ratios found for this case study can hardly be generalised or extrapolated.
However, the design method may be transferred. 
